Abstract. BACKGROUND: Korotkoff sounds have been used to measure systolic and diastolic arterial blood pressures noninvasively for over 100 years. However, most of the research concerning the Korotkoff sound were focused on the origin and frequency component analyzing the Korotkoff sound signal. OBJECTIVE: To show that the occurrence time of the Korotkoff sounds for each cardiac cycle demonstrates a characteristic value during the cuff deflating process of blood pressure measurement. METHODS: The Korotkoff sound delay time (KDT) decreases as the cuff pressure P deflates and KDT is a function of arterial transmural pressure. In the present research, an experiment system was established to explore the relationship between the KDT and the cuff pressure in different subjects. RESULTS: A pilot experiment was conducted to obtain different subjects' KDTs and investigate the relationship between KDT and cuff pressure. CONCLUSION: The relationship between KDT and invasive blood pressure was also studied and its potential application in detection of cardiovascular status was discussed.
Introduction
Korotkoff sounds have been used to measure systolic and diastolic arterial blood pressures noninvasively for over 100 years [1] [2] [3] . Nicolai Korotkoff first discovered the sounds in the compressed brachial artery and used them to identify the times when the pressure in the cuff coincided with systolic and diastolic arterial pressures. The method utilizing Korotkoff sounds to determine the systolic and diastolic arterial pressure is known as auscultatory method, which is most frequently used in the clinical medicine since 1905 [1, 3] .
In the last years, most of the previous researches about Korotkoff sound were focused on the origin and frequency component analyzing of the Korotkoff sounds signal [4, 5] . Some other researchers utilized the Korotkoff sound to replace the distal pulse in the peripheral artery and the QRS wave in electrocardiogram to obtain the pulse transit time (PTT), which was named QKd interval [6, 7] . Although the timing of the Korotkoff sound at different cuff pressure was observed by some researchers, the techniques have been only used to improve the electronical auscultatory blood pressure measurement with microphone by electrocardiogram-gating and oscillometric-pulse-gating in reducing the effects of interference and S420
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noise for Korotkoff sounds [8] . Further researches related to the occurrence time of the Korotkoff sound at different cuff pressure were not found. In the present research, an experiment system was established to explore the relationship between the Korotkoff sound delay time (KDT) and the cuff pressure in different subjects. A pilot experiment was conducted to obtain different subjects' KDTs and the relationship between KDT and cuff pressure was investigated. The relationship between KDT and invasive blood pressure was also studied and its potential application in detection of cardiovascular status was discussed.
Materials and methods

Components of the system
The experimental system is similar to that in [9] It includes four units: i) an analog circuit unit to condition the cuff pressure, oscillometric pulse, Korotkoff sounds and invasive blood pressure (IBP); ii) a microprocessor (C8051F060) to receive the analog signals and send them to the computer; iii) a set of automatic inflating and deflating appliance controlled by the microprocessor to realize the linear deflation of the cuff; iv) a personal computer with self-programmed data acquiring and analyzing software [9] .
The air channel of the experiment system includes the cuff bladder, the sphygmomanometer, the pressure transducer (Fujikura FPM-07PG), the inflating pump (SEIKO P05l05R) and the deflating valve. They are all connected together. The cuff pressure is sensed by the transducer and the amplified pressure signal is fed to the A/D converter of the microprocessor to digitize the pressure in the cuff. The oscillometric pulses of the cuff, high frequency component of the pressure signal in the cuff, are obtained through a high-pass filter (HPF) with cuff-off frequency of 0.3 Hz. The Korotkoff sound transducer (Shengwangsheng MPA201) and the stethoscope bell (3 M Littman 2144 L) are connected together by a tube. Since the Korotkoff sound's energy concentrates mainly below 400 Hz, the passband of the bandpass filter (BPF) for Korotkoff sound channel is 16 Hz-400 Hz [2, 5, [10] [11] [12] [13] The invasive blood pressure transducer (Yixinda DPT-248) is connected to the cannula to measure the pressure of the brachial artery. To avoid aliasing distortion, the four signals then pass a low-pass filter (LPF) with a cut-off frequency of 500 Hz before starting A/D converting. The microprocessor converts the analog signal to digital signal (12-bits resolution, sample rate 1 kHz for each channel) and sends the acquired data to the computer.
Korotkoff sound delay time
When the auscultatory method is applied to measure arterial pressure, the cuff must be inflated until the pressure in the cuff exceeds systolic pressure. The brachial artery is compressed by the cuff with high pressure. Hence, the artery is occluded completely and there is no blood flow in the brachial artery. Then the cuff deflates smoothly and the cuff pressure drops at a rate of 2-3 mmHg/sec. When the cuff pressure drops somewhat under the systolic blood pressure, the first Korotkoff sound is heard. As the pressure in the cuff decreases from supra-systolic to sub-diastolic, the Korotkoff sounds demonstrates five phases. The appearance and disappearance of the Korotkoff sounds usually were applied to measure the systolic blood pressure (SBP) and the diastolic blood pressure (DBP) respectively during the cuff deflating process.
The Korotkoff sound delay time is defined as the interval from the proximal point to the onset of the current Korotkoff sound. The reference point can be located proximal to the cuff, such as the ECG R wave, the arterial pulse on the artery between aortic and brachial artery or the ascending edge of pulse wave in the cuff. As shown in Fig. 1 . All the time reference point (ECG R wave, arterial pulse and oscillometric pulse in cuff) and the Korotkoff sound are induced by the same systole. In this paper, the ascending edge of the pulse in the cuff is used as the reference point. The Korotkoff sounds delays as cuff pressure increases. As shown in Fig. 2 , the Korotkoff sound delay time for the four cardiac cycles at different cuff pressure demonstrate that T1 at is the longest while T4 is the shortest. In a series of the KDTs of the whole measurement in cuff deflation, the KDT corresponding to the first Korotkoff sound is the longest, while the KDTs corresponding to the subsequent Korotkoff sound become shorter and shorter respectively, and the shortest one appears at the last Korotkoff sound [9] .
Korotkoff sound delay time for different subjects
Six subjects' cuff pressure signals and Korotkoff sound signals were acquired simultaneously to explore the characteristics of KDTs for different subjects. The Korotkoff sound delay times of the subjects were computed based on the acquired data in the blood pressure measurement using the above experiment system. The process of the measurement is similar to the standard blood pressure measurement process. The subject is kept quiet for five minutes. The cuff pressure deflates linearly with an approximation ratio of 2 mmHg/s. Based on the linear deflation, the Korotkoff sound delay times were easy to compute and the slow deflation ratio ensure enough cardio cycles in the whole measurement. The Korotkoff sound delay times were plotted against the cuff pressure at each heart and the KDT-P function was obtained. The KDTs for different subjects were calculated. Also the KDTs at different blood pressure status for the same subject were recorded and analyzed. The KDTs for each cardiac cycle are calculated by the oscillometric pulses and the Korotkoff sounds according to the method described in Fig. 1 . To obtain the function f (P ) of KDT and cuff pressure, the raw KDT data were fitted, as shown in Fig. 2 . The "*" represents raw data of KDT. The dashed line represents simple fit and the solid line represents quadratic fit.
Korotkoff sound delay time and blood pressure
The relationship between Korotkoff sound delay time and blood pressure was investigated. The pro- cess of the experiment was the same with that in [9] . The cuff pressure, oscillometric pulse and Korotkoff sounds were collected on the subject's right upper arm. The invasive arterial pressure of the left brachial artery was acquired by the IBP transducer and the cannula. The KDTs for each cardiac cycle were calculated by the oscillometric pulses and the Korotkoff sounds. To obtain the obvious relationship between Korotkoff sound delay time and invasive blood pressure, the subject perform deep breathing for approximate 80 s while the cuff pressure was kept approximate stable near mean arterial pressure. The Korotkoff sound delay times then were calculated and analyzed with the invasive blood pressure recorded simultaneously. The relationship coefficient between KDT and invasive blood pressure was calculated. Moreover, a method to estimate the beat-to-beat mean arterial pressure by Korotkoff sound delay time has been proposed in [9] .
Results
The Korotkoff sound delay times change with the cuff pressure. Figure 2 shows an example of the KDT in the deflation process of the cuff. While the cuff pressure decreases from the supra-systolic pressure to the sub-diastolic pressure, the KDT becomes more and more short. The KDT decreases as the cuff pressure drops. The function relationship which is obtained from a series of KDT and their corresponding cuff pressure P in a whole measurement process can be drawn as a line approximation. The curve L1 is a straight approximation for the KDT. The curve L2 is a quadratic line approximation for a series of KDT. It can be seen that the curve L2 is more approximate to all the KDTs. The function f (P ) for L2 can be described as:
The "*" represents raw KDT for each heart beat at the corresponding cuff pressure and the solid line is the quadratic fitting curve (KDT = 0.0119P 2 − 1.1071P + 36.2695). The raw KDT fluctuates along the fitted curve L2. Calculate the difference value of the fitted curve L2 obtained in Eq. (1), and then get g(P ):
g(P ) is the change in KDT for 1 mmHg. The relationship between KDT and cuff pressure demonstrates differently for the six subjects. Figure 3 shows an example of the relationships between KDT and the corresponding cuff pressure for two subjects. The "*" and "+" indicate the raw KDT for each heartbeat of the subjects respectively. The dashed line indicates the function of the lower blood pressure subject, and the solid line indicates the function of the higher blood pressure subject. The left of Fig. 3 indicates the relationship between KDT and the cuff pressure. The right plot of Fig. 3 indicates the relationship between g(P ) and the cuff pressure. For the two subjects, the KDT decrease from about 120 ms at the higher cuff pressure to about 30 ms at the lower cuff pressure. The g is monotone increasing for both subjects. The maximum g emerge at systolic pressure and the minimum g emerge at diastolic. The g changes from 2.5 ms/mmHg to 0.5 ms/mmHg. The g for the two subjects have different slope. For the subject A, the g(P ) is bigger than that of the subject B when the cuff pressure is low. However, when the cuff pressure becomes high, the g(P ) of the subject A becomes smaller than that of subject B. To compare the g(P ) of different subject, the g(P ) at a certain cuff pressure (g p=100 , as shown in Fig. 3 ) is calculated. The six subjects' average of g p=100 is 1.22 ms/mmHg.
The change in Korotkoff sound delay time reflects the change in brachial arterial pressure. Figure 4 shows an example of the KDTs and the IBP recorded simultaneously in about 80 s. The top plot is the invasive blood pressure. The middle plot is the beat-to-beat mean arterial pressure obtained by averaged the IBP in a cardiac cycle. The bottom plot is the beat-to-beat KDT. The fluctuations of the invasive blood pressure and KDT are caused by the paced breath of the subject. The correlation coefficient between the MAP and the KDT is 0.90.
Discussion
The Korotkoff sound delay time becomes short as the cuff pressure decreases in the blood pressure measurement process. The approximate coefficients (k 1 and k 2 ) are observed for repeated measurements on the same subject, but the coefficients of different subjects are not always the same. In fact, each subject has own coefficients of KDT and cuff pressure, especially for those hypertensive or hypotensive individuals. Furthermore, the curve reflecting the relation between Korotkoff sound delay time and the cuff pressure is similar to the ascend edge of the brachial pressure waveform. These may be a noninvasive means to explore the individuals' cardiovascular status, such as blood pressure, stiffness and peripheral impedance. The advantage of applying Korotkoff sound delay time based on the oscillometric pulse is that there is no need for another reference signal, such as ECG, which hence facilitate the application of the KDT.
The change in KDT associates the change in brachial arterial pressure while the cuff pressure keeps constant approximately (shut off the deflating valves). As shown in Fig. 5 . While the cuff pressure and the arterial pressure keeps stable, the Korotkoff sound will occur at the same time on the ascending edge of the arterial pulse for each cardiac cycle and the KDT will not change. In Fig. 5 , the cuff pressure keeps at 110 mmHg. The cross points of the constant cuff pressure and the three arterial pressure waveform were labeled with a, b and c from the lower pressure to the higher pressure. The cross points locate at the ascending edge. From Fig. 5 , we can find that the lower arterial pressure corresponds to a longer Korotkoff sound delay time (cross point a). With the arterial pressure increasing, the cross points appear more and more early in the ascending edge of the arterial pressure waveform. While describing the relationship between KDT and the cuff pressure as shown in Fig. 1 , the brachial arterial pressure is assumed stable in the whole measurement process. On the other way, while the pressure in the cuff keeps stable, the change in the brachial arterial pressure will lead to the change in transmural pressure of the arterial wall. Consequently, the KDT will change with the brachial arterial pressure. In fact, the KDT is a function of transmural pressure of the brachial arterial wall. Either the change in the arterial pressure or in the cuff pressure will lead to the change in transmural pressure. Thus, the KDT will change correspondingly. These characteristics may be applied to estimate the compliance of the artery.
The Korotkoff sound delay time utilizing the ECG as the timing reference includes three intervals: the pre-ejection period (PEP), the pulse transit time (PTT) from aortic to brachial and the delay time in the brachial under the cuff [14] . The variation of the Korotkoff sound due to the blood pressure is distorted by the PEP [15] . Hence, utilizing the distorted KDT with ECG R wave or Q wave as reference to measure the blood pressure may reduce its credibility. However, the oscillometric pulse in the cuff is a reasonable reference to determine the KDT, which is easy to eliminate the interference of the PEP.
The KDT can be employed to calibrate the pulse transit time method in blood pressure measurement. The KDT can be used to estimate the blood pressure noninvasively if the cuff pressure is kept between systolic and diastolic pressure. Furthermore, combined with the simultaneous pulse transit time, the
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calibrated procedure with KDT can individualize the measurement and hence enhances the accuracy of blood pressure measurement in PTT method [16] .
The other potential applications of the Korotkoff sound delay time in blood pressure measurement include head-up tilt (HUT), cold pressor test (CPT) and cardiopulmonary function test [17, 18] . The Korotkoff sound delay time is also applicable to the temporal artery on the head to explore the change in blood pressure of the pilots' cerebral vascular in high +Gz acceleration maneuvers. A bladder can be applied over the temporal artery on the head to occlude the artery to obtain Korotkoff sounds similar with the traditional Korotkoff method on the brachial artery [19, 20] . The Korotkoff sound delay times for each heart beats can be employed to estimate the beat-to-beat blood pressure in the artery on the head during the acceleration training course and evaluate the +Gz tolerance in aviation medicine.
Conclusion
The occurrence time of the Korotkoff sound demonstrates characteristic during the cuff deflating process of blood pressure measurement. The Korotkoff sound delay time (KDT) decreases as the cuff pressure deflates. KDT is a function of arterial transmural pressure and its characteristic might be used to measure the mechanical character of brachial artery and the blood pressure noninvasively.
